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The continued emergence of nanoscale materials for nanoparticle-based therapy,
sensing and imaging, as well as their more general adoption in a broad range of industrial
applications, has placed increasing demands on the ability to assess their interactions
and impacts at a cellular and subcellular level, both in terms of potentially beneficial and
detrimental effects. Notably, however, many such materials have been shown to interfere
with conventional in vitro cellular assays that record only a single colorimetric endpoint, challenging the ability to rapidly screen cytological responses. As an alternative,
Raman microspectroscopy can spatially profile the biochemical content of cells, and any
changes to it as a result of exogenous agents, such as toxicants or therapeutic agents,
in a label free manner. In the confocal mode, analysis can be performed at a subcellular
level. The technique has been employed to confirm the cellular uptake and subcellular
localization of polystyrene nanoparticles (PSNPs), graphene and molybdenum disulfide
micro/nano plates (MoS2 ), based on their respective characteristic spectroscopic
signatures. In the case of PSNPs it was further employed to identify their local subcellular
environment in endosomes, lysosomes and endoplasmic reticulum, while for MoS2
particles, it was employed to monitor subcellular degradation as a function of time. For
amine functionalized PSNPs, the potential of Raman microspectroscopy to quantitatively
characterize the dose and time dependent toxic responses has been explored, in a
number of cell lines. Comparing the responses to those of poly (amidoamine) nanoscale
polymeric dendrimers, differentiation of apoptotic and necrotic pathways based on the
cellular spectroscopic responses was demonstrated. Drawing in particular from the
experience of the authors, this paper details the progress to date in the development of
applications of Raman microspectroscopy for in vitro, label free analysis of the uptake,
fate and impacts of nanoparticle based materials, in vitro, and the prospects for the
development of a routine, label free high content spectroscopic analysis technique.
Keywords: Raman microspectroscopy, nanoparticles, in vitro cytotoxicity, polystyrene nanoparticles,
poly(amidoamine) dendrimers, molybdenum disulphide nano plates, high content spectroscopic analysis

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

1

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

their intrinsic chemical composition, rather than electronic
contrast or the properties of extrinsic labels. Identification of
the local subcellular environment of NPs in the cytoplasm
(e.g., endosomes, lysosomes, endoplasmic reticulum) or nucleus
could further advance the understanding of their intracellular
trafficking and interaction mechanisms, and the resultant impact
on the metabolism of the cell. Such impacts are commonly
and routinely screened in vitro by conventional cytotoxicity
assays, such as the colourometric dye- based assays Alamar
Blue, Neutral Red, MTT, etc, which can provide indications of
impact on cell viability, proliferative capacity, metabolic activity,
endosomal/lysosomal and mitochondrial activity (Mukherjee
et al., 2010b). However, each assay reports on a single endpoint,
such that multiple assays are required, at multiple time points,
and doses. Furthermore, there have been numerous reports of
false positive results of such assays, due to the extracellular
interaction of the NPs with the in vitro cell culture medium
(Casey et al., 2007a, 2008), and with the molecular constituents
of the colorometric cytotoxicity assays themselves (Casey et al.,
2007b), highlighting the need for alternative methodologies
(Herzog et al., 2007).
As an alternative technique, label free Raman
microspectroscopy can provide a holistic, real-time
representation of the biochemistry of the whole cell, at subcellular
levels, and has previously been employed for characterization
of the biochemical evolution underpinning cell culture and
mitosis (Boydston-White et al., 2006; Matthäus et al., 2006), as
well as cell proliferation (Short et al., 2005), differentiation and
activation (Notingher et al., 2004; Ami et al., 2008; Pavillon et al.,
2018), cellular adhesion (Meade et al., 2007), death (Gasparri and
Muzio, 2003), and invasion (Liu et al., 2001).
The Raman effect was first described in Raman and Krishnan
(1928) and the principles and underlying theory are described
in numerous excellent textbooks, notably that of Long (2002).
Based on inelastic scattering of light due to coupling of energy
of incident photons with vibrations of target samples, Raman
spectroscopy is well established for chemically fingerprinting
materials, with applications in, for example, forensics and the
pharmacological industry (Hodges and Akhavan, 1990; Kneipp
et al., 1999; Vankeirsbilck et al., 2002; Edwards and Vandenabeele,
2016). Modern instruments typically couples a laser to a
microscope, which focuses the source light and also collects the
scattered radiation. The sample can be rastered to produce a map
of the sample, in a similar way to a laser scanning fluorescence
microscope. Raman microspectroscopy can also be performed
at UV, visible, or near IR wavelengths in a confocal mode and
can provide detail at sub micrometer resolution. In this context,
instrumentally, Raman microspectroscopy is similar to Confocal
Laser Scanning Microscopy, except that the chemical specificity
derives from the analysis of the spectrum of the scattered
light, dispersed by a diffraction element (e.g., grating). Similar
to infrared vibrational spectroscopic analysis and imaging, the
technique therefore has the advantage of being truly labelfree, producing a spectrum which comprises contributions from
each molecular bond, and is a “signature” or “fingerprint”
which is characteristic of a material, or changes associated
with a physical or chemical process. In complex samples,

INTRODUCTION
Nanoscience and technology are novel, rapidly emerging fields
which encompass the design, production, and exploitation of
novel structures, processes and devices at the scale of 1–100 nm.
Numerous applications based on nanoparticles have already
been marketed, in products as diverse as industrial lubricants,
advanced tires, self-cleaning glass, paints, semiconductor devices,
medicines, cosmetics, sunscreens, nutraceuticals and food (Nano
tech project, 2020). The international nanomaterials market was
estimated to be $14,741.6 million in 2015, and is expected to
increase to $55,016 million by 2022 (Allied market research,
2020). Specifically in the field of biomedicine, by 2015,
nanotechnology had already created a 96.9 billion $US market
(Pattni et al., 2015) and is projected to continue to have a
significant impact. Polymeric micro and nanoparticles (NPs)
have been explored for a wide range of medical applications
in diagnosis, tissue engineering, and as drug delivery vehicles
(Storrie and Mooney, 2006; Ito et al., 2008; Naha et al., 2008,
2009; Gao et al., 2016; Thaxton et al., 2016). Understanding the
interface of these functional biomaterials with living systems and
tailoring their capacity to target and penetrate cells is a short
term challenge, which, if met, could revolutionize targeted drug
and nutrient delivery, as well as other therapeutic strategies. On
the other hand, major concerns have been raised regarding the
possible human and environmental effects of accidental, large
scale, NP exposure, in the short and long term. Profiling the
interactions of nano particulate materials with human cells, their
update and fate, as well as the cellular responses induced, is
therefore of paramount importance (Love et al., 2012; Anguissola
et al., 2014; Ajdary et al., 2018).
Among the main challenges is to detect and identify
nanoparticles that have traversed the cell membrane, and to
monitor their trafficking and fate within the call. One of the
most commonly employed methods to do so, is that of confocal
fluorescence microscopy, applied to imaging cells exposed to
fluorescently labeled NPs in vitro (Roy et al., 2005; Cang et al.,
2007; Naha et al., 2010a). Notably, however, not all NPs can
be readily fluorescently labeled, and furthermore, it has been
demonstrated that the label can be released into the surrounding
cellular environment, such that the fluorescence distribution
within the cell does not necessarily represent the presence or
spatial distribution of the NPs (Suh et al., 1998; Yin Win and
Feng, 2005; Salvati et al., 2011). It is also unclear whether
the transport of NPs, particularly smaller ones, fluorescently
labeled with anionic groups, is the same as that of their
unlabeled counterparts. As an example, extrinsic labeling of
bovine serum albumin with fluorescein-5-isothiocyanate has
been reported to change its adsorption and diffusion behavior
(Gajraj and Ofoli, 2000). Transmission Electron Microscopy
(TEM) is also commonly used to visualize NPs and their
surroundings within cells, but a considerable amount of sample
processing (fixing and ultramicrotoming) is required, and, in
order to visualize the NPs, they must have sufficient electronic
contrast to the local environment of the cell (Davoren et al.,
2007; Shapero et al., 2011). Ideally, techniques to localize
and identify NPs internalized in cells, should be based on
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of acute cytotoxicological responses, genotoxic responses will
also be explored.

notably biological cells or tissue, the spectroscopic signature
incorporates characteristics of all constituent functional groups
of lipids carbohydrates, proteins and nucleic acids (Byrne et al.,
2010). A comparison of the techniques of Infrared and Raman
spectroscopic imaging for biomedical applications is provided
in Byrne et al. (2010). Notably, however, the Raman effect, is
intrinsically weak, requiring the highly sensitive detection of
Charge Coupled Detector arrays, and the features of the spectrum
can often be swamped by fluorescence or stray light scattering
(Byrne et al., 2010). Depending on the nature of the sample, and
the desired signal to noise ratio, a single spectrum is typically
accumulated over a period of seconds, and therefore a spatial
map of a sample can take minutes or hours, depending on the
desired area to be mapped, and sampling step size. Although time
resolved Raman spectroscopy using pulsed laser sources can be
utilized to study reaction mechanisms and correlations between
molecular structure and reaction rates (Sahoo et al., 2011),
commercial instruments typically use steady state conditions, but
can measure the temporal evolution of a system by measuring at
specific time points. More sophisticated variants, such as surface
enhanced Raman scattering, and coherent Raman scattering can
enhance the sensitivity of the technique, and will be discussed
in more detail in section “In vitro toxicity assessment using
Raman Microspectroscopy.”
Raman microspectroscopy has attracted increasing attention
for biological characterization and biomedical applications, and
specific protocols have been described (Butler et al., 2016).
In vitro cellular analysis can be performed at subcellular level, of
fixed or live cells, in 2D and/or 3D culture environments (Meade
et al., 2010; Bonnier et al., 2011; Gargotti et al., 2018). Screening of
multiple cell lines has demonstrated a remarkable reproducibility
of the subcellular signatures, elucidating, for example, the role
of the nucleolus in discriminating different cancer cell lines
(Farhane et al., 2015b). The reproducibility of the signatures
was seen to also extend to the comprehensive and systematic
analysis of drug uptake and mechanisms of action (Farhane et al.,
2015a, 2017a,b, 2018a,b; Szafraniec et al., 2016), radiotherapy
(Meade et al., 2016; Roman et al., 2019) and nanoparticle toxicity
(Dorney et al., 2012; Efeoglu et al., 2015, 2016, 2017a,b, 2018),
demonstrating potential applications for high content analysis
for pre-clinical drug screening and toxicological applications
(Byrne et al., 2018).
Raman microspectroscopy potentially offers a label free, high
content probe of NPs within cells, which can potentially analyze
their local environment, their fate, and ultimately changes in
the cellular metabolism which can be correlated with cytotoxic
responses, oxidative stress, or inflammation. Illustrated with
specific examples from the published work of the authors, this
paper will present the principles and methodology of cellular
and subcellular analysis using Raman microspectroscopy, and
will detail some examples of multivariate chemometric data
mining to identify the uptake and localization of NPs within
cells, and to explore the spectroscopically fingerprint of the local
environment of trafficking, or degradation, over time. The dose
and time dependent evolution of spectroscopic signatures, and
their biochemical origin, will be described, and correlated with
conventional cytoxicological approaches. As well as mechanisms
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RAMAN MICROSPECTROSCOPIC
PROFILING OF CELLS
Raman microspectroscopic profiling of biological cells, in vitro,
is typically performed by point mapping over a grid defined
within the field of view of the objective. The cells can be profiled
live, in the culture medium, although the presence of the dye
phenol red can obscure the visual image, and so mapping in
saline solution or phenol red free medium is often performed
(Bonnier et al., 2010a). Measurement in immersion minimizes
background scatter (Bonnier et al., 2011) and any photo-thermal
degradation (Bonnier et al., 2012), and substrate contributions to
the spectra can be avoided by culturing on 3D protein matrices
such as collagen, such that high signal to noise/background
spectra can be obtained, the background being the spectrum of
water/medium (Bonnier et al., 2010b).
Figure 1 shows examples of Raman microspectroscopic maps
of an individual A549 human lung adenocarcinoma cell (Bonnier
and Byrne, 2012). In the bright field image of Figure 1(IA),
the cell cytoplasm and nucleus are clearly visible, and nucleoli
within the nuclear region can be identified. Figure 1(IB) shows
a false color image of the same cell, after KMCA of the Raman
spectroscopic data. A high degree of correspondence between
the distribution of the clusters and the substructure of the cell
can be clearly seen, and the nucleoli, nucleus and cytoplasm are
associated with individual clusters. The spatial definition of the
map is determined by the objective employed, and the mapping
step size. The use of a 100x objective provides the maximum
lateral resolution (∼1 mm) and provides visible images which
elucidate the cell morphology. Decreasing the lateral step size
from 1.5 to 0.75 mm was seen to improve the definition of
the subcellular structures (Dorney et al., 2012). Uzunbajakava
et al. (2003) have reported that, using intervals 2–3 times smaller
than the laser spot, optimal lateral sampling can be achieved,
promising even higher definition of the subcellular features.
K-Means Clustering Analysis (KMCA) false color maps give a
representation of the biochemical variability across the cell, each
cluster representing regions of similar biochemical character. The
biochemical information of each cluster is represented by its
mean spectrum, in which characteristic bands of proteins, lipids,
nucleic acids and carbohydrates can be identified. Figure 1(II)
shows the mean spectra obtained from selected clusters of
the KMCA image of Figure 1(IB) [nucleoli (A), nucleus (B),
and cytoplasm (C)]. The characterization of live cells has been
reported in a number of studies (Notingher et al., 2003; Short
et al., 2005; Notingher and Hench, 2006; Swain et al., 2008;
Bonnier et al., 2010a) and, assignments of the different peaks
can be made, and are well cataloged in literature (Movasaghi
et al., 2007). Differences between the mean spectra are subtle and
not easily discernible, however, but can be better analyzed using
Principal Components Analysis (PCA), by which the spectra of
each individual cluster can be compared. Figure 1(III) shows
a PCA scatter plot (PC 1 versus PC 2) for the spectra of the

3

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

FIGURE 1 | (I) (A) Typical bright field image of an A549 cell. The different structures such as membrane (a), cytoplasm (b) and nucleus (c) are clearly identifiable. The
nucleolus present inside the nucleus can also be seen. The area delineated by red indicates a “typical area” selected for Raman mapping (B), Example of K-means
reconstructed image from a Raman map recorded on the nuclear area of an A549. In both X and Y directions, 1 pixel corresponds to a mapping step of 1 mm.
(II) Mean spectrum calculated for the different clusters obtained after K-means clustering analysis corresponding to the nucleoli (A), nucleus (B) and cytoplasm (C).
(III) Scores plot of the first two principal components after PCA performed on Raman spectra recorded from A549 cells. The individual data points have been color
coded according to the results of K-means cluster analysis; nucleus (green), nucleolus (red) and cytoplasm (blue). (IV) Plot of the loadings of PC1 (A) and PC2 (B).
Different features corresponding to the lipids, proteins and nucleic acids can be identified (Bonnier and Byrne, 2012).

of reference spectra of known biomolecules. The prominence of,
for example, DNA and RNA in the nucleus of the cell is clear,
while lipidic features are stronger in the cytoplasm of the cell.
It has been demonstrated that a pairwise PCA of datasets better
facilitates the interpretation of the loadings, however, and enables
differentiation of the subcellular nuclear regions based on nucleic
acid content (Bonnier and Byrne, 2012).
Raman microspectroscopy, coupled with multivariate
chemometric analysis, is clearly therefore a powerful, label free
methodology for high content analysis of cells, with optical
spatial resolution. However, a single cellular map can take
anything between minutes to hours to complete (Bonnier et al.,
2010a; Bonnier Knief et al., 2011), depending on the laser spot,
step size and desired quality of signal, and, as a result, only a
small proportion of the cell population is typically analyzed
(Butler et al., 2016). In order to produce datasets of a larger cell
population, a “point spectra” approach is commonly adopted,
whereby the subcellular regions of nucleolus, nucleus and

clusters corresponding to the nucleus (green), nucleolus (red)
and cytoplasm (blue). PC 1, representing 35% of the explained
variance, indicates good discrimination between the spectra of
the cytoplasm and those of the nuclear regions. The spectra of
the two regions of the nucleus are partially differentiated by
PC2, but can be more clearly discriminated in a pairwise analysis
(Bonnier and Byrne, 2012).
The spectral loadings represent the variability described by a
given PC, as a function of wavenumber, and are used to identify
the key spectroscopic features which differentiate the respective
clusters, which can in turn by associated with specific biochemical
constituents of the cell. Figure 1(IVA) shows the loading of PC1,
which enables visualization of the spectral features responsible for
discrimination between the cytoplasm and the nuclear regions.
Positive contributions to the loading are associated with spectra
which score positively according to the PC in the scatter plot,
and vice versa for negative peaks (Bonnier and Byrne, 2012),
and thus the features of the loading can be analyzed in terms
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the their signatures are significantly different to those which
characterize the early endosomes. Prominent bands related
to phosphatidylinositol (519 cm−1 ), phosphatidylethanolamine
(759 cm−1 ), C–C stretch of lipids (1130 cm−1 ), CH2 twist
of lipids (1304 cm−1 ) and CHdef of lipids (1439 cm−1 ) are
observed. Compared to the 4 h, endosomal spectrum, the protein
derived features in the range 700–900 cm−1 disappear, whereas
clear, protein related differences can now be observed in the
amide I (∼1600–1700 cm−1 ) and amide III (∼1200–1300 cm−1 )
regions. PSNPs containing lysosomes are trafficked to the golgi
apparatus or endoplasmic reticulum (Chang et al., 2008; Dorney
et al., 2012). After 24 h, the mean spectrum, associated with
the endoplasmic reticulum, is characterized by prominent bands
of nucleic acids (∼785 cm−1 and 810 cm−1 ), consistent with
the presence of RNA required for protein synthesis within
the perinuclear region and granular endoplasmic reticulum.
Generally, the characteristic spectral profile is consistent with the
protein lipid and rich nature of the endoplasmic reticulum.
Other studies have demonstrated the use of Raman imaging to
visualize the uptake of nanoparticles, such as metallacarborane
aggregates into single cells (Schwarze et al., 2020), and
magnetic nanoparticles into erythrocytes (Soler et al., 2007).
Carotene, an extremely strong Raman scatterer, was employed
as a surface coating of carbon nanoparticles, such that their
uptake could be readily visualized using Raman mapping of
human melanoma and breast cancer cells, in vitro (Misra
et al., 2016). Chernenko et al. (2009) also employed Raman
microspectroscopy to monitor the intracellular delivery of
two biodegradable nanoparticle systems, commonly used as
drug delivery vehicles, poly(ε-caprolactone) and poly(lactic-coglycolic acid), and their subcellular degradation patterns. The
nanoparticles were identified in the subcellular environment
of lysosomes, and the degradation pathway was mapped by
shifts and intensity changes of the characteristic spectral profiles
of the materials.
Label-free Raman micro-spectroscopy was similarly employed
to confirm the intracellular localization and fate of molybdenum
disulfide (MoS2 ) submicron plates, in differentiated THP-1
macrophage like cells, in vitro (Moore et al., 2020a). The field
of 2D materials technology has significantly expanded since
the isolation and characterization of monolayer graphene in
2004 (Novoselov et al., 2004) and the emergence of techniques
for liquid phase exfoliation (Smith et al., 2011). It is critical,
at this juncture, to understand how such materials interact
with cells following exposure, and the influence of the cellular
micro-environment on the physico-chemical properties of these
particles. Macrophages play a crucial role in recognizing a foreign
threat, causing a cascade of events designed to eliminate them
from their environment and to maintain homeostasis (Gordon,
2007). Using sub-lethal doses (Moore et al., 2017), internalized
MoS2 submicron plates were clearly identifiable in THP-1 cells
by their characteristic Raman spectroscopic features, the E1 2g
(380 cm−1 ) and A1 g (407 cm−1 ) peaks (Moore et al., 2020a).
Using a combination of single cell mapping and multicellular
point spectral Raman microspectroscopic analysis, three distinct
local environments of the particulate material were identified in
untreated THP-1 cells, and 4, 24, and 72 h after a 4 h exposure

cytoplasm of multiple cells in a cell culture are sampled, and
subsequently data mined using multivariate analysis. Erring on
the side of prolonged acquisition times for high quality spectral
analysis, the cells are typically formalin fixed and air dried
(Hobro and Smith, 2017). This methodology has been employed,
for example, to understand the subcellular differentiation of lung
cancer (Farhane et al., 2015b) and oral cancer cell lines (Carvalho
et al., 2015), and to monitor the subcellular accumulation
of, binding interactions, and subsequent cellular response to
chemotherapeutic agents (Farhane et al., 2015a, 2017a,b, 2018c).

LOCALIZATION AND TRAFFICKING OF
NANOPARTICLES IN CELLS
The analysis protocols of Section 2 were employed to similarly
profile A549 cells exposed to non-toxic polystyrene nanoparticles
(PSNPs). In addition to clusters of the nucleoli (cluster 3), nucleus
(cluster 6) and cytoplasm (clusters 1,2,4,8,9,10), KMCA identifies
a spectral cluster (cluster 5) which has strong features which are
characteristic of polystyrene, as shown in Figure 2. The spectral
features of this cluster unambiguously confirm the localization
of the NPs within the cytoplasmic and perinuclear region of
the cell (Dorney et al., 2012). Notably, the mean spectrum of
cluster 5 clearly also contains biological contributions, and so
the analysis can potentially provide information about the local
cellular environment of the NPs, and the in vitro, intra cellular
trafficking process.
Efeoglu et al. (2015) using confocal laser scanning fluorescence
microscopy and organelle staining, analyzed the uptake and
localization of similar non-toxic carboxylated PSNPs in A549
cells, as a function of exposure time, confirming colocalization
in endosomes (4 h), lysosomes (8 h), and endoplasmic reticulum
(24 h). In parallel, Raman microspectroscopic profiling of
multiple cells in a Raman mapping approach, combined with
KMCA and PCA, was used to differentiate the local biochemical
environment of the NPs at the different timepoints, and
identify the spectroscopic signatures of the associated subcellular
organelles (Figure 3). The contribution of the spectrum of the
PSNPs themselves was calculated using a Least Squares analysis,
and subtracted (Efeoglu et al., 2015).
PSNPs are initially endocytosed by cells (Salvati et al., 2011),
whereupon they are bound by membrane derived endosomal
vesicles. After 4 h particle exposure, compared to spectra of
12 and 24 h particle exposure, the Raman spectrum is seen
to exhibit strong bands attributed to proteins, within the
range of 700–900 cm−1 , which exist naturally in membrane
structures (Terasaki and Jaffe, 1991; Notingher and Hench, 2006;
Talari et al., 2015). Bands related to phospholipids (∼1080,
∼1656 cm−1 ) and phosphatidylcholine and membrane lipids
(∼790, ∼718 cm−1 ) are consistent with membrane derived
vesicles. Early endosomes are internally trafficked within the
cytoplasm and are engulfed by lysosomes, which originate from
the golgi apparatus and endoplasmic reticulum, and therefore
show similar properties (Watson et al., 2005). The Raman
signature which characterizes the 12 h exposure data set is
similarly dominated by features of proteins and lipids, although
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FIGURE 2 | (I) KMCA map of the Raman profile of the nuclear and perinuclear area of an A549 cell. (II) KMCA spectrum of Cluster 5 (A), compared to the Raman
spectrum PSNPs (B). Spectra are offset for clarity (Dorney et al., 2012).

FIGURE 3 | (I) Comparison of mean spectra of 4, 12, and 24 h nanoparticle exposure data sets. (II) Comparison of PCA loadings of 4, 12, and 24 h nanoparticle
exposure data sets. Spectra are offset for clarity. The dotted line represents the ‘0’ line for each loading (Efeoglu et al., 2015).

to MoS2 submicron plates, in a pulse chase approach. In all
cases, white light microscopic images revealed that the cells were
rich in vesicles of serval microns diameter particularly in the
perinuclear region (Figure 4A). Analysis of the spectra of the
prominent vesicles in multiple cells, in a point spectra approach,
indicted that those of untreated macrophage cultures were
characterized by spectroscopic features of sphingomyelin lipids,
normally prominent in the cell membrane, and are therefore

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

associated with the transport of the membrane lipid from the
endoplasmic reticulum. In contrast, those of cells 4 and 24 h
after exposure to MoS2 were predominantly characterized by
signatures of phosphatidyl lipids, and are therefore associated
with phagosomes and/or phagolysosomes. Seventy two hours
after exposure the population of intracellular lipidic vesicles
was again dominated by those of a sphingomyelin character,
indicating a return to homeostasis (Moore et al., 2020b).
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After an 8 h exposure to a 10 µM concentration of
nanoparticles, the spectra of each subcellular region of the
cells can be differentiated, using PCA, from those of the
control cells, as shown Figure 5I. Although subcellular vesicles
are not specifically targeted, the mean difference spectra
(Figure 5I) clearly show features of the PS-NH2 , which are
excluded from the analysis. The PCA loading (Figure 5II)
also show clear biological signatures, particularly in the
cytoplasmic region, which can be associated with the cytotoxic
response, and ultimately correlated with conventional in vitro
cytotoxicity assays.
In the dose and time dependent responses of A549 cells to
PS-NH2 exposure, the most prominent spectral marker which
differentiates the cytoplasm of the control and exposed cells
is seen to be the a ‘doublet’ of peaks at 785 and 810 cm−1
(Figure 6). The appearance of this feature is indicative of changes
to the cytoplasmic RNA content associated with oxidative
stress, and is observed in cells even at low doses, and short
exposure times (4 h). The intensity of the band is seen to
systematically and progressively change as a function of both NP
dose and exposure time (Efeoglu et al., 2016) and its evolution
is associated with concurrent and subsequent changes in protein
(Amide I region, ∼1600 – 1700 cm−1 ) and lipid (1229 and
1438 cm−1 ) content and/or structure, indicative of proteolysis
and lipotoxicity (Efeoglu et al., 2016, 2017a).
The potential of Raman microspectroscopy to delivering
multi-parametric information by label free analysis was further
explored by comparing the evolution of spectral markers
in other cancerous and non-cancerous cells lines (Efeoglu
et al., 2017a). Characteristic spectral markers of toxic events,
including oxidative stress and lysosomal damage, have been
identified and characterized as a function of time, and the
analysis indicates that the spectral markers identified for
cellular dependent events are consistent across multiple cell
lines (Figure 7), potentially facilitating the identification of the
mechanism of toxic response to the nanomaterial. Analysis of
the presence and progression of spectral markers, especially in
the low wavenumber region, also indicates the applicability of
Raman spectral analysis to identification of cellular signatures
characteristic of cell death pathways in cancerous and noncancerous cell lines, differentiating between necrotic and
apoptotic (Efeoglu et al., 2017a, 2018).
Aminated dendritic polymer nanoparticles, such as poly
(amidoamine) (PAMAM) and poly (propylene imine), have
been demonstrated to elicit a similar profile of toxic responses
in mammalian cells, in vitro, involving endocytosis, oxidative
stress, mitochondrial damage, inflammatory cascades, leading to
apoptosis (Mukherjee et al., 2010a,b; Naha et al., 2010b; Maher
et al., 2014; Khalid et al., 2016). Notably, under similar exposure
conditions, A549 cells were shown to exhibit remarkably similar
(differential) spectroscopic profiles in the cytoplasm of A549
cells, associated with acute cytotoxicity (Figure 7) (Efeoglu et al.,
2017a). Notably, the significantly smaller PAMAM dendrimers
(∼5–7 nm) have been shown to elicit significant genotoxic
responses in vitro (Naha and Byrne, 2013; Naha et al., 2018). In
the case of A549 exposure to PAMAM dendrimers, a significant
dose and time dependent response of the spectroscopic profile of

Mapping individual cells, 4, 24, and 72 h after exposure, in
addition to vesicles with prominent features of phosphatidyl
lipids, another species of vesicle, with strong signatures of
lysozyme, was identified (Moore et al., 2020a). Using Factor
Analysis (Figure 4B), different spectral signatures of MoS2
were identified (Figures 4Cii,Dii,Eii) distributed differently
throughout the cell (Figures 4Ci,Di,Ei). The spectral profiles of
the second two factors (Figures 4Dii,Eii) are consistent with
those of degraded MoS2, using PCA, were associated with the
phosphatidyl environment, after 24 h, but not in the lysosymal,
suggesting that the activity of the enzyme is inhibited by the
lipopolysaccharide (LPS) contaminant, previously identified on
the surface of particulate material (Moore et al., 2017).

IN VITRO TOXICITY ASSESSMENT
USING RAMAN MICROSPECTROSCOPY
The potential of Raman microspectroscopy to probe the in vitro
cytotoxicity to nanoparticle exposure was first explored by Knief
et al. (2009), for the example of exposure of A549 cells to single
walled carbon nanotubes. Peak ratio analysis of modes of lipidic
CH2 deformation (∼1302 cm−1 ) as well as DNA bases guanine,
adenine and thymine (∼1287 and ∼1338 cm−1 ) versus the
amide III band (∼1238 cm−1 ), demonstrated a dose dependent
response which correlated with previous toxicological studies
(Davoren et al., 2007). Notably, these modes had previously been
employed in a study of HgCl2 toxicity to human keratinocytes,
in vitro (Perna et al., 2007). PCA was employed to elucidate the
dose dependent cellular response and associated characteristic
spectroscopic signatures. To further illustrate the potential of
Raman microspectroscopy in this field, partial least squares
regression analysis combined with genetic algorithm feature
selection were employed to demonstrate that the end points
of the clonogenic assay (Herzog et al., 2007), as a measure of
the toxic response, can be predicted from the Raman spectra
of cells exposed to undetermined doses, potentially eliminating
the requirement for time consuming and costly cytotoxicological
assays. However, similar studies demonstrated that there was
no evidence that the nanotubes were internalized in the cells
(Davoren et al., 2007), and that an indirect toxicity, due to
medium depletion (Casey et al., 2007a) was the most likely cause
of the cellular response.
PSNPs serve as a model for NP uptake in cells (Anguissola
et al., 2014), and can be fluorescently labeled for tracking and
organelle co-localization studies (Salvati et al., 2011; Efeoglu
et al., 2015). While their carboxylated counterparts are nontoxic, amine functionalized PSNPs (PS-NH2 ) elicit a well
documented, dose and time dependent in vitro toxic response,
associated with oxidative stress, and inflammatory cascades,
leading to apoptosis (Anguissola et al., 2014; Maher et al.,
2014). Using the protocol of point spectral analysis (cytoplasm,
nucleus, nucleoli) of control and exposed cells, the dose and
time dependent responses have also been monitored using
Raman microspectroscopy, demonstrating the potential of the
technique as a label free high content screening protocol
(Efeoglu et al., 2016).
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FIGURE 4 | Raman Map Analysis of a macrophage-like THP-1 cell following a 24 h incubation. Spectral range 365–470 cm−1 . (A) Bright field image of THP-1 cell
under x100 water immersion and taken on a Horiba dual Raman microscope. (B) Figure 2D overlay image of the Raman map showing the location of the three
Factors (Factor 1 – green, Factor 2 – red, Factor 3– blue). (C) (i) 3D construction showing the location of Factor 1 within the cell. (C) (ii) Mean spectra of Factor 1
displayed. (D) (i) 3D construction showing the location of Factor 2 within the cell. (D) (ii) Mean spectra of Factor 2 displayed. (E) (i) 3D construction showing the
location of Factor 3 within the cell. (E) (ii) Mean spectra of Factor 3 displayed (Moore et al., 2020a).

FIGURE 5 | (I) Scatter plot of the PCA of spectra corresponding to cytoplasm, nucleus and nucleolus of the (8 h) unexposed and PS-NH2 exposed cells for 10 µM
concentration of nanoparticles. Different cellular regions are coded as follows; red for cytoplasm, green for nucleus and blue for nucleolus. Exposed and unexposed
cells are indicated by open circles and closed circles, respectively. (II) Mean difference spectra of cytoplasm (red), nucleus (green) and nucleolus (blue) obtained by
subtraction of mean spectra of 8 h PS-NH2 exposed cells from mean spectra of unexposed cells. The spectra are offset for clarity, the dashed line indicating the zero
point. The bands related to PS are indicated with gray highlights (Efeoglu et al., 2016).
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FIGURE 6 | (I) Loadings of PC1 for pairwise analysis of cytoplasm of PS-NH2 exposed cells with the control for 10 µM (red), 5 µM (blue), and 2.5 µM (black) after
8 h exposure. (II) Comparison of the Loading of PC1s for different (2.5 µM) PS-NH2 exposure times (cytoplasm). 4, 8, 12, 24, and 48 h are indicated with black,
blue, green, red, and magenta, respectively. The dotted line represents the zero ‘0’ point for each loading. Loadings are offset for clarity. Positive features of the PCs
are related to exposed cells while negative features of the PCs are related to their controls (Efeoglu et al., 2016).

amongst benchtop laboratory techniques for materials
and process analysis. As it can be performed using optical
sources of wavelength from the UV to near IR, it can provide
submicrometer spatial resolution and therefore can image cells
and processes at a subcellular level, and therefore a wealth of
information about their biomolecular makeup, and changes
to it due to external factors. As a label-free technique, it can
unambiguously identify the presence of NPs within cells, on the
basis of their intrinsic spectroscopic fingerprint, and can also
profile the biochemistry of the local environment, differentiating
endosomal, lysosomal and perinuclear compartmentalization in
the course of NP uptake and trafficking by the cell. The stability
of the NP material within the subcellular environment can also be
probed, enabling mapping of catabolic pathways. In terms of the
cytotoxic responses of the cells, clear dose and time dependent
signatures, associated with oxidative stress, proteolysis and
lipotoxicity, can be observed in the cytoplasm, and the processes
of apoptosis and necrosis can be differentiated. In the nuclear
regions, signatures of genotoxicity are indicated. The single,
label-free technique can therefore provide in vitro high content
spectroscopic screening of the process of NP uptake, trafficking,
fate and acute cytotoxic and genotoxic responses. The technique
is therefore ideally suited to address many of the short-term and
long-term challenges of exploring the interface of functional
(nano) materials with living systems, at least in the context of
in vitro models.
An important consideration is the reproducibility and
transferability of the signatures of the spectral response, across
NPs of similar cytotoxic mechanisms, and different cell lines.
Previously, it has been demonstrated that the differential
spectroscopic signatures (PC loadings) which discriminate the
subcellular regions of cytoplasm, nucleus and nucleoli, of
different cell lines are remarkably similar, so much so that
different lung cancer cell lines could only be discriminated

the nuclear region was observed, which may be associated with
DNA damage and a genotoxic response (Efeoglu et al., 2017a).
In a study of the intracellular uptake and toxic response
of silver and copper oxide nanoparticles in human lung cells,
in vitro, and Raman spectroscopy was employed to monitor
the cellular uptake, compared to the respective metal ionic
species as well as the particle-cell interactions, although specific
signatures of cellular responses were not identified (Cronholm
et al., 2020). Raman spectroscopic imaging has also been
employed in conjunction with microinjection of nanoparticles
into cells, as a proposed tool for nanotoxicological studies
(Candeloro et al., 2011).
Raman spectroscopy has also been employed to confirm
the in vitro cytotoxicity, and therefore anti-cancer activity, of
functionalized silica nanoparticles (Dhinasekaran et al., 2020).
The surface of the silica nanoparticles was functionalized with
5-Fluorouracil by direct conjugation or chitosan mediated
conjugation. Raman spectroscopy indicated changes in the
nucleic acid spectral signature for cancer cell lines exposed to
the formulation, rather than normal cells confirming a selective
toxicity to cancer cells.
In a study of the impact of nanoparticle uptake on
the biophysical properties of cells, Raman spectroscopy was
employed in particular to analyze disruptions to the cell
membranes (Rasel et al., 2019). The study indicated that
nanoparticle uptake results in substantial perturbation of the
fundamental structure of the cells, having implications for
applications in biomedical engineering.

DISCUSSION
Technological advances in recent decades have rendered
confocal Raman microspectroscopy increasingly routine
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FIGURE 7 | Spectral Markers of acute toxic response in the cytoplasm of A549 and Calu-1 (human lung epidermoid) cells after 24 h exposure to PS-NH2 and
PAMAM nanoparticles. Positive and negative features of the loadings relate to exposed and unexposed cells, relatively. The 750–830 cm- 1 and above 1000 cm- 1
region are indicated with highlights. Loadings are offset for clarity. The dotted line represents the zero ‘0’ point for each loading and intensity scale of 0 ± 0.05 is
used for comparison (Efeoglu et al., 2018).

Farhane et al., 2018c). In Figures 7, 8, the lower wavenumber
responses (∼800 cm−1 ) are associated with oxidative stress,
and so can be considered to be dependent on the initial NP
dose and intrinsic toxicity (degree of amination). The higher
wavenumber responses (1000–1800 cm−1 ) can be associated with
the subsequent cascade of cellular responses. In the framework
of the predictive toxicology approach of Adverse Outcome
Pathways (OECD, 2017; Wittwehr et al., 2017), the characteristic
“spectralome” of the initial response can be considered that of
the Molecular Initiating Event. The subsequent adverse pathway
of cell death is described by the respective characteristics of
inflammatory responses and apoptosis or necrosis in the higher
wavenumber region of the fingerprint.
Critical for realizing the potential of the technique is
reliably data mining the evolution of the signatures which
map out the temporal evolution, and spatial propagation,
of the key events of the subcellular responses. While
multivariate algorithms such as KMCA and PCA provide
a detailed picture of the static state of the cellular system,
compared to control, more sophisticated data mining
techniques are required to monitor the kinetic evolution of

according to the signatures of the nucleoli (Farhane et al., 2015b).
Furthermore, Figure 7 clearly indicates similar spectroscopic
responses for two different aminated polymeric particles, both
known to initiate oxidative stress responses, in two different
cell lines. As shown in Figure 8, for the case of exposure of
A549 cells to PS-NH2 , the differential spectral profiles of low
dose/prolonged exposure and high dose/short exposure also
show remarkable similarities (Efeoglu et al., 2018). The 3D nature
of the dose and time dependent spectral signatures is consistent
with previous modeling analysis of dose and time dependences of
in vitro cytotoxic responses (Maher et al., 2014; Byrne and Maher,
2019). The 3D contour map of the spectral responses can also be
correlated with the response of classical colorometric cytotoxicity
assays, as shown in Figure 9, for the example of the 785 cm−1
feature of the response of A549 cells to PS-NH2 exposure, and
the dose response curve of AB at 24 h (Efeoglu et al., 2018).
The consistency of the responses indicates that the signatures
of the multiparametric responses, composed of contributions of
multiple biochemical constituents, are characteristic of the mode
of action, supporting a “spectralomics” approach to high content
spectroscopic analysis (Byrne et al., 2018; Efeoglu et al., 2018;
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FIGURE 8 | Comparisons of the loading 1 of PCA of cytoplasm for exposed and control cells, after 8 h exposure to 10 µM (red) and 48 h 2.5 µM (blue) PS-NH2 .
Positive and negative features of the loadings relate to exposed and control cells, respectively. The areas that show similar responses are indicated with highlights.
Loadings are offset for clarity. The dotted line represents the zero ‘0’ point for each loading and intensity scale of 0 ± 005 is used for comparison.

FIGURE 9 | 3D mesh and contour plot of 785 (A,B) spectral marker intensity as a function of time (h) and dose (ECn ). The 24 h cellular viability at EC10 , EC25 , EC50 ,
and EC75 determined by AB assay are indicated with percentages on the plot (white) (Efeoglu et al., 2018).

signatures of cellular response pathways. Algorithms such
as Evolving Factor Analysis (EFA) (Keller and Massart,
1991) and Multivariate Curve Resolution Alternating
Least Squares (MCR-ALS) (Felten et al., 2015) have been
developed to similarly monitor the evolution of chemical
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and photochemical reactions. Constraints based on kinetic
evolution models allow identification of the characteristic
spectral signatures of the products and intermediates
(Vernooij et al., 2018). Although the approaches have not
yet been extensively explored to analyze the evolution
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processes and function. Indeed, CARS has been employed,
in conjunction with electron microscopy to explore cellnanoparticle interactions at nanometer resolution (Saarinen
et al., 2019), while SRS using polymer nanoparticles has been
employed for multiplexed live-cell imaging (Hu et al., 2017).

of Raman spectroscopic signatures of cytological processes,
initial applications to track the spectroscopic signatures of the
in vitro action of the chemotherapeutic agent, doxorubicin, are
promising (Perez-Guaita et al., 2020).
A number of technological variations on the basis of Raman
spectroscopy have been developed to enhance the sensitivity of
the technique. Surface Enhanced Raman Spectroscopy (SERS)
was first observed in 1974 (Fleischmann et al., 1974; Jeanmaire
and Van Duyne, 1977), and has been explored for the
development of nanoparticle based analytical probes to monitor
nanomaterials in a cellular environment (Kneipp et al., 2002,
2009). Incorporation of Raman reporters enables localization of
the SERS probe within the subcellular environment, and such
SERS nanosensors can be designed, for example to monitor pH
changes in a cell at the different stages of the endocytic pathway
(Kneipp et al., 2006, 2010; Wang et al., 2008). A number of
studies have described novel SERS based probes for intracellular
sensing and imaging (Kneipp et al., 2009), identification of
biomarkers (Zhang et al., 2020) and to monitor intracellular
delivery of single gold particles via 3D hollow nanoelectrodes
(Huang et al., 2019). SERS has also been employed to probe cell
surface receptors associated with cancer (Kong et al., 2012), in
the isolation and non-invasive analysis of circulating cancer stem
cells (Cho et al., 2018), and applications in cancer detection and
tumor imaging have been extensively explored (Meola et al., 2018;
Ravanshad et al., 2018).
The technique particularly exploits the enhanced local field
of surface plasmon resonances in nanoparticles of, for example
gold and silver. Only a small selection of nanoparticles can be
exploited for such applications, however, and specific probes
of specific cellular function are required, and therefore, in
many cases, it is debatable whether the technique can really be
considered label-free, although there have been notable examples
of studies in which nanostructured gold/silver substrates have
been used as SERS substrates for cellular investigation, in a
label-free manner (Dipalo et al., 2015; La Rocca et al., 2015;
Shalabaeva et al., 2017; Caprettini et al., 2018). The current
manuscript highlights the applications of (unenhanced) Raman
microspectroscopy itself to probe, in a label free manner, the
cellular uptake, distribution and fate of nanoparticles themselves,
applicable to a broad range of chemical compositions and
morphologies, and to, using the same measurement protocol,
probe the cellular response.
It is acknowledged that, unenhanced, the sensitivity of the
technique is a potential limitation, resulting in prolonged
analysis times for cellular imaging. Emerging techniques based
on coherent Raman scattering, in the form of either coherent
anti-Stokes Raman (CARS) or stimulated Raman scattering
(SRS) promise to significantly enhance the sensitivity, and
therefore reduce the sampling time, without compromising
the label-free aspect of the technique. Although currently
only commercially available in limited frequency ranges, full
spectral coherent Raman microspectroscopic imaging has already
been demonstrated (Camp et al., 2014), promising label free
high content spectroscopic analysis of sub-cellular processes
in real-time, and hitherto unrivaled visualization of cellular
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CONCLUSION
Nanomaterials, and in particular nanoparticles, have become
an important element of the drive for the development
of functional biomaterials, and although their potential in
therapeutics and diagnostics is already well established, the
“other side of the coin,” that of potential harmful effects to
human health and the environment, is equally evident. The
associated short and long term challenge, pertinent to both
sides of the coin, relates to the ability to directly monitor and
evaluate the interactions of these novel functional materials
with living systems, and particularly cells. While conventional
microscopic techniques and cytological staining and assays
can provide a limited picture of the process, the technique
of Raman microspectroscopy has been demonstrated to be
capable of; confirming the intracellular localization of NPs
in cells, monitoring the NP trafficking in subcellular vesicles
and, monitoring NP degradation catabolization, identifying and
tracking cellular response pathways, all in a single, label free,
measurement protocol. The studies strongly suggest that the
spectroscopic signatures are characteristic of key initiating and
pathway events, although exploration of more sophisticated,
dynamic multivariate data mining techniques is required to
map out cellular response pathways. However, further larger
scale studies are required to verify the transferability of the
characteristic “spectralomic” signatures, for a range of different
NP and cell types. Applications can readily be envisaged
in areas such as toxicological screening, to guide regulatory
processes, in vitro pre-clinical candidate drug screening to
guide synthetic strategies, and ultimately potentially even
patient screening for drug resistance/sensitivity, as the basis for
companion diagnostics.

AUTHOR CONTRIBUTIONS
FB undertook the initial studies of PSNPs in cells. EE undertook
the localization and toxicology studies of PSNPs, PS-NH2 , and
PAMAM in cells. CM and JM undertook the studies of MoS2 in
THP-1 cells. HB is the senior responsible scientist and drafted the
manuscript, with input from all other authors. All the authors
contributed to the article and approved the submitted version.

FUNDING
Aspects of this work were funded by the Irish HEA PRTLI Cycle 4
“INSPIRE”, and by Science Foundation Ireland 11/PI/87. CM was
funded by a DIT Fiosraigh Scholarship.

12

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

REFERENCES

Carvalho, L. F. C. S., Bonnier, F., O’Callaghan, K., O’Sullivan, J., Flint, S., Byrne,
H. J., et al. (2015). Raman micro-spectroscopy for rapid screening of oral
squamous cell carcinoma. Exp. Mol. Pathol. 98, 502–509. doi: 10.1016/j.yexmp.
2015.03.027
Casey, A., Davoren, M., Herzog, E., Lyng, F. M., Byrne, H. J., and Chambers,
G. (2007a). Probing the interaction of single walled carbon nanotubes within
cell culture medium as a precursor to toxicity testing. Carbon N.Y. 45, 34–40.
doi: 10.1016/j.carbon.2006.08.009
Casey, A., Herzog, E., Davoren, M., Lyng, F. M., Byrne, H. J., and Chambers, G.
(2007b). Spectroscopic analysis confirms the interactions between single walled
carbon nanotubes and various dyes commonly used to assess cytotoxicity.
Carbon N.Y. 45, 1425–1432. doi: 10.1016/j.carbon.2007.03.033
Casey, A., Herzog, E., Lyng, F. M., Byrne, H. J., Chambers, G., and Davoren, M.
(2008). Single walled carbon nanotubes induce indirect cytotoxicity by medium
depletion in A549 lung cells. Toxicol. Lett. 179, 78–84. doi: 10.1016/j.toxlet.
2008.04.006
Chang, M. Y., Shiau, A. L., Chen, Y. H., Chang, C. J., Chen, H. H. W., and
Wu, C. L. (2008). Increased apoptotic potential and dose-enhancing effect of
gold nanoparticles in combination with single-dose clinical electron beams on
tumor-bearing mice. Cancer Sci. 99, 1479–1484. doi: 10.1111/j.1349-7006.2008.
00827.x
Chernenko, T., Matthäus, C., Milane, L., Quintero, L., Amiji, M., and Diem,
M. (2009). Label-free raman spectral imaging of intracellular delivery and
degradation of polymeric nanoparticle systems. ACS Nano 3, 3552–3559. doi:
10.1021/nn9010973
Cho, H. Y., Hossain, M. K., Lee, J. H., Han, J., Lee, H. J., Kim, K. J., et al. (2018).
Selective isolation and noninvasive analysis of circulating cancer stem cells
through Raman imaging. Biosens. Bioelectron. 102, 372–382. doi: 10.1016/j.
bios.2017.11.049
Cronholm, P., Karlsson, H. L., Hedberg, J., Lowe, T. A., Winnberg, L., Elihn, K.,
et al. (2020). Intracellular uptake and toxicity of Ag and CuO nanoparticles: a
comparison between nanoparticles and their corresponding metal ions. Small
9, 970–982. doi: 10.1002/smll.201201069
Davoren, M., Herzog, E., Casey, A., Cottineau, B., Chambers, G., Byrne, H. J.,
et al. (2007). In vitro toxicity evaluation of single walled carbon nanotubes
on human A549 lung cells. Toxicol. Vitr. 21, 438–448. doi: 10.1016/j.tiv.2006.
10.007
Dhinasekaran, D., Raj, R., Rajendran, A. R., Purushothaman, B., Subramanian, B.,
Prakasarao, A., et al. (2020). Chitosan mediated 5-Fluorouracil functionalized
silica nanoparticle from rice husk for anticancer activity. Int. J. Biol. Macromol.
156, 969–980. doi: 10.1016/j.ijbiomac.2020.04.098
Dipalo, M., Messina, G. C., Amin, H., La Rocca, R., Shalabaeva, V., Simi, A.,
et al. (2015). 3D plasmonic nanoantennas integrated with MEA biosensors.
Nanoscale 7, 3703–3711. doi: 10.1039/c4nr05578k
Dorney, J., Bonnier, F., Garcia, A., Casey, A., Chambers, G., and Byrne, H. J.
(2012). Identifying and localizing intracellular nanoparticles using Raman
spectroscopy. Analyst 137, 1111–1119. doi: 10.1039/c2an15977e
Edwards, H. G. M., and Vandenabeele, P. (2016). Raman spectroscopy in art and
archaeology. Philos. Trans. R. Soc. A 374, 1523–1844.
Efeoglu, E., Casey, A., and Byrne, H. J. (2016). In vitro monitoring of time and dose
dependent cytotoxicity of aminated nanoparticles using Raman spectroscopy.
Analyst 141, 5417–5431. doi: 10.1039/c6an01199c
Efeoglu, E., Casey, A., and Byrne, H. J. (2017a). Determination of spectral markers
of cytotoxicity and genotoxicity using in vitro Raman microspectroscopy:
cellular responses to polyamidoamine dendrimer exposure. Analyst 142, 3848–
3856. doi: 10.1039/c7an00969k
Efeoglu, E., Maher, M. A., Casey, A., and Byrne, H. J. (2017b). Label-free, high
content screening using Raman microspectroscopy: The toxicological response
of different cell lines to amine-modified polystyrene nanoparticles (PS-NH2)†.
Analyst 142, 3500–3513. doi: 10.1039/c7an00461c
Efeoglu, E., Keating, M., McIntyre, J., Casey, A., and Byrne, H. J. (2015).
Determination of nanoparticle localisation within subcellular organelles in vitro
using Raman spectroscopy. Anal. Methods 7, 10000–10017. doi: 10.1039/
c5ay02661j
Efeoglu, E., Maher, M. A., Casey, A., and Byrne, H. J. (2018). Toxicological
assessment of nanomaterials: the role of in vitro Raman microspectroscopic
analysis. Anal. Bioanal. Chem. 410, 1631–1646. doi: 10.1007/s00216-0170812-x

Ajdary, M., Moosavi, M. A., Rahmati, M., Falahati, M., Mahboubi, M., Mandegary,
A., et al. (2018). Health concerns of various nanoparticles: a review of their
in vitro and in vivo toxicity. Nanomaterials 8:634. doi: 10.3390/nano8090634
Allied market research (2020). Nanomaterials Market Size, Share | Industry
Forecast 2014-2022. Available online at: https://www.alliedmarketresearch.com/
nano-materials-market (accessed March 8, 2020). doi: 10.3390/nano8090634
Ami, D., Neri, T., Natalello, A., Mereghetti, P., Doglia, S. M., Zanoni, M., et al.
(2008). Embryonic stem cell differentiation studied by FT-IR spectroscopy.
Biochim. Biophys. Acta Mol. Cell 1783, 98–106. doi: 10.1016/j.bbamcr.2007.
08.003
Anguissola, S., Garry, D., Salvati, A., O’Brien, P. J., and Dawson, K. A. (2014).
High content analysis provides mechanistic insights on the pathways of toxicity
induced by amine-modified polystyrene nanoparticles. PLoS One 9:e108025.
doi: 10.1371/journal.pone.0108025
Bonnier, F., Ali, S. M. M., Knief, P., Lambkin, H., Flynn, K., McDonagh, V., et al.
(2012). Analysis of human skin tissue by Raman microspectroscopy: dealing
with the background. Vib. Spectrosc. 61, 124–132. doi: 10.1016/j.vibspec.2012.
03.009
Bonnier, F., and Byrne, H. J. (2012). Understanding the molecular information
contained in principal component analysis of vibrational spectra of biological
systems. Analyst 137, 322–332. doi: 10.1039/c1an15821j
Bonnier, F., Knief, P., Lim, B., Meade, A. D., Dorney, J., Bhattacharya, K., et al.
(2010a). Imaging live cells grown on a three dimensional collagen matrix using
Raman microspectroscopy. Analyst 135, 3169–3177. doi: 10.1039/c0an00539h
Bonnier, F., Meade, A. D., Merzha, S., Knief, P., Bhattacharya, K., Lyng, F. M.,
et al. (2010b). Three dimensional collagen gels as a cell culture matrix for
the study of live cells by Raman spectroscopy. Analyst 135, 1697–1703. doi:
10.1039/c0an00060d
Bonnier, F., Mehmood, A., Knief, P., Meade, A. D., Hornebeck, W., Lambkin,
H., et al. (2011). In vitro analysis of immersed human tissues by Raman
microspectroscopy. J. Raman Spectrosc. 42, 888–896. doi: 10.1002/jrs.2825
Bonnier Knief, P., Meade, A., Dorney, J., Bhattacharya, K., Lyng, F., Byrne, H. F.,
et al. (2011). “Collagen matrices as an improved model for in vitro study of live
cells using Raman microspectroscopy,” in Proceedings of the SPIE Clinical and
Biomedical Spectroscopy and Imaging II, Munich.
Boydston-White, S., Romeo, M., Chernenko, T., Regina, A., Miljkoviæ, M.,
and Diem, M. (2006). Cell-cycle-dependent variations in FTIR micro-spectra
of single proliferating HeLa cells: principal component and artificial neural
network analysis. Biochim. Biophys. Acta Biomembr. 1758, 908–914. doi: 10.
1016/j.bbamem.2006.04.018
Butler, H. J., Ashton, L., Bird, B., Cinque, G., Curtis, K., Dorney, J., et al. (2016).
Using Raman spectroscopy to characterize biological materials. Nat. Protoc. 11,
664–687.
Byrne, H. J., Bonnier, F., Casey, A., Maher, M., McIntyre, J., Efeoglu, E., et al. (2018).
Advancing Raman microspectroscopy for cellular and subcellular analysis:
towards in vitro high-content spectralomic analysis. Appl. Opt. 57:E11.
Byrne, H. J., and Maher, M. A. (2019). Numerically modelling time and dose
dependent cytotoxicity. Comput. Toxicol. 12:100090. doi: 10.1016/j.comtox.
2019.100090
Byrne, H. J., Sockalingum, G. D., and Stone, N. (2010). “Raman microscopy:
complement or competitor?,” in Biomedical Applications of Synchrotron Infrared
Microspectroscopy. RSC Analytical Spectroscopy Series, ed. D. Moss (London:
Royal Society of Chemistry), 105–143. doi: 10.1039/9781849731997-00105
Camp, C. H., Lee, Y. J., Heddleston, J. M., Hartshorn, C. M., Walker, A. R. H., Rich,
J. N., et al. (2014). High-speed coherent Raman fingerprint imaging of biological
tissues. Nat. Photon. 8, 627–634. doi: 10.1038/nphoton.2014.145
Candeloro, P., Tirinato, L., Malara, N., Fregola, A., Casals, E., Puntes, V., et al.
(2011). Nanoparticle microinjection and Raman spectroscopy as tools for
nanotoxicology studies. Analyst 136, 4402–4408. doi: 10.1039/c1an15313g
Cang, H., Xu, C. S., Montiel, D., and Yang, H. (2007). Guiding a confocal
microscope by single fluorescent nanoparticles. Opt. Lett. 32:2729. doi: 10.1364/
ol.32.002729
Caprettini, V., Huang, J.-A., Moia, F., Jacassi, A., Gonano, C. A., Maccaferri, N.,
et al. (2018). Enhanced raman investigation of cell membrane and intracellular
compounds by 3D plasmonic nanoelectrode arrays. Adv. Sci .5:1800560. doi:
10.1002/advs.201800560

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

13

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

Farhane, Z., Bonnier, F., and Byrne, H. J. (2017a). Monitoring doxorubicin cellular
uptake and trafficking using in vitro Raman microspectroscopy: short and
long time exposure effects on lung cancer cell lines. Anal. Bioanal. Chem. 409,
1333–1346. doi: 10.1007/s00216-016-0065-0
Farhane, Z., Bonnier, F., Maher, M. A., Bryant, J., Casey, A., and Byrne, H. J.
(2017b). Differentiating responses of lung cancer cell lines to Doxorubicin
exposure: in vitro Raman micro spectroscopy, oxidative stress and bcl2 protein expression. J. Biophoton. 10, 151–165. doi: 10.1002/jbio.2016
00019
Farhane, Z., Bonnier, F., and Byrne, H. J. (2018a). An in vitro study of the
interaction of the chemotherapeutic drug Actinomycin D with lung cancer
cell lines using Raman micro-spectroscopy. J. Biophoton. 11:e201700112. doi:
10.1002/jbio.201700112
Farhane, Z., Bonnier, F., Howe, O., Casey, A., and Byrne, H. J. (2018b). Doxorubicin
kinetics and effects on lung cancer cell lines using in vitro Raman microspectroscopy: binding signatures, drug resistance and DNA repair. J. Biophoton.
11:e201700060. doi: 10.1002/jbio.201700060
Farhane, Z., Nawaz, H., Bonnier, F., and Byrne, H. J. H. J. (2018c). In vitro labelfree screening of chemotherapeutic drugs using Raman microspectroscopy:
towards a new paradigm of spectralomics. J. Biophoton. 11:e201700258. doi:
10.1002/jbio.201700258
Farhane, Z., Bonnier, F., Casey, A., and Byrne, H. J. (2015a). Raman micro
spectroscopy for in vitro drug screening: subcellular localisation and
interactions of doxorubicin. Analyst 140, 4212–4223. doi: 10.1039/c5an00256g
Farhane, Z., Bonnier, F., Casey, A., Maguire, A., O’Neill, L., and Byrne, H. J.
(2015b). Cellular discrimination using in vitro Raman micro spectroscopy: the
role of the nucleolus. Analyst 140, 5908–5919. doi: 10.1039/c5an01157d
Felten, J., Hall, H., Jaumot, J., Tauler, R., De Juan, A., and Gorzsás, A.
(2015). Vibrational spectroscopic image analysis of biological material using
multivariate curve resolution-alternating least squares (MCR-ALS). Nat. Protoc.
10, 217–240. doi: 10.1038/nprot.2015.008
Fleischmann, M., Hendra, P. J., and McQuillan, A. J. (1974). Raman spectra of
pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 26, 163–166. doi:
10.1016/0009-2614(74)85388-1
Gajraj, A., and Ofoli, R. Y. (2000). Quantitative technique for investigating
macromolecular adsorption, and interactions at the liquid-liquid interface.
Langmuir 16, 4279–4285. doi: 10.1021/la9911436
Gao, L., Liu, Y., Kim, D., Li, Y., Hwang, G., Naha, P. C., et al. (2016).
Nanocatalysts promote Streptococcus mutans biofilm matrix degradation and
enhance bacterial killing to suppress dental caries in vivo. Biomaterials 101,
272–284. doi: 10.1016/j.biomaterials.2016.05.051
Gargotti, M., Efeoglu, E., Byrne, H. J., and Casey, A. (2018). Raman spectroscopy
detects biochemical changes due to different cell culture environments in live
cells in vitro. Anal. Bioanal. Chem. 410, 7537–7550. doi: 10.1007/s00216-0181371-5
Gasparri, F., and Muzio, M. (2003). Monitoring of apoptosis of HL60 cells by
fourier-transform infrared spectroscopy. Biochem. J. 369, 239–248. doi: 10.
1042/bj20021021
Gordon, S. (2007). The macrophage: past, present and future. Eur. J. Immunol.
37(Suppl. 1), S9–S17.
Herzog, E., Casey, A., Lyng, F. M., Chambers, G., Byrne, H. J., and Davoren, M.
(2007). A new approach to the toxicity testing of carbon-based nanomaterialsThe clonogenic assay. Toxicol. Lett. 174, 49–60. doi: 10.1016/j.toxlet.2007.
08.009
Hobro, A. J., and Smith, N. I. (2017). An evaluation of fixation methods: spatial and
compositional cellular changes observed by Raman imaging. Vib. Spectrosc. 91,
31–45. doi: 10.1016/j.vibspec.2016.10.012
Hodges, C. M., and Akhavan, J. (1990). The use of Fourier Transform Raman
spectroscopy in the forensic identification of illicit drugs, and explosives.
Spectrochim. Acta Part A Mol. Spectrosc. 46, 303–307. doi: 10.1016/05848539(90)80098-j
Hu, F., Brucks, S. D., Lambert, T. H., Campos, L. M., and Min, W. (2017).
Stimulated Raman scattering of polymer nanoparticles for multiplexed live-cell
imaging. Chem. Commun. 53, 6187–6190. doi: 10.1039/c7cc01860f
Huang, J. A., Caprettini, V., Zhao, Y., Melle, G., MacCaferri, N., Deleye, L., et al.
(2019). On-demand intracellular delivery of single particles in single cells by
3D hollow nanoelectrodes. Nano Lett. 19, 722–731. doi: 10.1021/acs.nanolett.
8b03764

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Ito, F., Fujimori, H., Honnami, H., Kawakami, H., Kanamura, K., and Makino, K.
(2008). Effect of polyethylene glycol on preparation of rifampicin-loaded PLGA
microspheres with membrane emulsification technique. Coll. Surf. B Biointerf.
66, 65–70. doi: 10.1016/j.colsurfb.2008.05.011
Jeanmaire, D. L., and Van Duyne, R. P. (1977). Surface raman
spectroelectrochemistry. Part I. Heterocyclic, aromatic, and aliphatic amines
adsorbed on the anodized silver electrode. J. Electroanal. Chem. 84, 1–20.
Keller, H. R., and Massart, D. L. (1991). Evolving factor analysis. Chemometr.
Intellig. Lab. Syst. 12, 209–224. doi: 10.1016/0169-7439(92)80002-l
Khalid, H., Mukherjee, S. P., O’Neill, L., and Byrne, H. J. (2016). Structural
dependence of in vitro cytotoxicity, oxidative stress and uptake mechanisms
of poly(propylene imine) dendritic nanoparticles. J. Appl. Toxicol. 36, 464–473.
doi: 10.1002/jat.3267
Kneipp, J., Kneipp, H., McLaughlin, M., Brown, D., and Kneipp, K. (2006).
In vivo molecular probing of cellular compartments with gold nanoparticles
and nanoaggregates. Nano Lett. 6, 2225–2231. doi: 10.1021/nl061517x
Kneipp, J., Kneipp, H., Rajadurai, A., Redmond, R. W., and Kneipp, K. (2009).
Optical probing and imaging of live cells using SERS labels. J. Raman Spectrosc.
40, 1–5. doi: 10.1002/jrs.2060
Kneipp, J., Kneipp, H., Wittig, B., and Kneipp, K. (2010). Following the dynamics
of pH in endosomes of live cells with SERS nanosensors. J. Phys. Chem. C 114,
7421–7426. doi: 10.1021/jp910034z
Kneipp, K., Haka, A. S., Kneipp, H., Badizadegan, K., Yoshizawa, N., Boone,
C., et al. (2002). Surface-enhanced Raman spectroscopy in single living
cells using gold nanoparticles. Appl. Spectrosc. 56, 150–154. doi: 10.1366/
0003702021954557
Kneipp, K., Kneipp, H., Itzkan, I., Dasari, R. R., and Feld, M. S. (1999).
Ultrasensitive chemical analysis by Raman spectroscopy. Chem. Rev. 99, 2957–
2975.
Knief, P., Clarke, C., Herzog, E., Davoren, M., Lyng, F. M., Meade, A. D., et al.
(2009). Raman spectroscopy - A potential platform for the rapid measurement
of carbon nanotube-induced cytotoxicity. Analyst 134, 1182–1191. doi: 10.
1039/b821393c
Kong, K. V., Lam, Z., Goh, W. D., Leong, W. K., and Olivo, M. M. (2012). carbonylgold nanoparticle conjugates for live-cell SERS imaging. Angew. Chem. Int. Edn.
51, 9796–9799. doi: 10.1002/anie.201204349
La Rocca, R., Messina, G. C., Dipalo, M., Shalabaeva, V., and De Angelis, F. (2015).
Out-of-plane plasmonic antennas for raman analysis in living cells. Small 11,
4632–4637. doi: 10.1002/smll.201500891
Liu, K. Z., Jia, L., Kelsey, S. M., Newland, A. C., and Mantsch, H. H.
(2001). Quantitative determination of apoptosis on leukemia cells by infrared
spectroscopy. Apoptosis 6, 269–278.
Long, D. A. (2002). The Raman Effect: A Unified Treatment of the Theory of Raman
Scattering by Molecules. Hoboken, NJ: Wiley.
Love, S. A., Maurer-Jones, M. A., Thompson, J. W., Lin, Y.-S., and Haynes, C. L.
(2012). Assessing nanoparticle toxicity. Annu. Rev. Anal. Chem. 5, 181–205.
doi: 10.1146/annurev-anchem-062011-143134
Maher, M. A., Naha, P. C., Mukherjee, S. P., and Byrne, H. J. (2014). Numerical
simulations of in vitro nanoparticle toxicity - the case of poly(amido amine)
dendrimers. Toxicol. Vitr. 28, 1449–1460. doi: 10.1016/j.tiv.2014.07.014
Matthäus, C., Boydston-White, S., Miljkoviæ, M., Romeo, M., and Diem, M. (2006).
Raman and infrared microspectral imaging of mitotic cells. Appl. Spectrosc. 60,
1–8. doi: 10.1366/000370206775382758
Meade, A. D., Clarke, C., Draux, F., Sockalingum, G. D., Manfait, M., Lyng,
F. M., et al. (2010). Studies of chemical fixation effects in human cell lines
using Raman microspectroscopy. Anal. Bioanal. Chem. 396, 1781–1791. doi:
10.1007/s00216-009-3411-7
Meade, A. D., Howe, O., Unterreiner, V., Sockalingum, G. D., Byrne, H. J., and
Lyng, F. M. (2016). Vibrational spectroscopy in sensing radiobiological effects:
analyses of targeted and non-targeted effects in human keratinocytes. Faraday
Discuss 187, 213–234. doi: 10.1039/c5fd00208g
Meade, A. D., Lyng, F. M., Knief, P., and Byrne, H. J. (2007). Growth substrate
induced functional changes elucidated by FTIR and Raman spectroscopy in
in-vitro cultured human keratinocytes. Anal. Bioanal. Chem. 387, 1717–1728.
doi: 10.1007/s00216-006-0876-5
Meola, A., Rao, J., Chaudhary, N., Sharma, M., and Chang, S. D. (2018). Gold
nanoparticles for brain tumor imaging: a systematic review. Front. Neurol.
9:328. doi: 10.3389/fneur.2018.00328

14

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

OECD (2017). Joint Meeting of the Chemicals Committee and the Working
Party on Chemicals Pesticides and Biotechnology. ENV/JM/MONO(2013)6
Revised Guidance Document on Developing and Assessing Adverse Outcome
Pathways. Available online at: http://www.oecd.org/officialdocuments/
publicdisplaydocumentpdf/?cote=env/jm/mono%282013%296&doclanguage=
en (accessed June 29, 2018).
Pattni, B. S., Chupin, V. V., and Torchilin, V. P. (2015). New developments
in liposomal drug delivery. Chem. Rev. 115, 10938–10966. doi: 10.1021/acs.
chemrev.5b00046
Pavillon, N., Hobro, A. J., Akira, S., and Smith, N. I. (2018). Noninvasive detection
of macrophage activation with single-cell resolution through machine learning.
Proc. Natl. Acad. Sci. U.S.A. 115, E2676–E2685.
Perez-Guaita, D., Quintas, G., Farhane, Z., Tauler, R., and Byrne, H. J. (2020). Data
mining Raman microspectroscopic responses of cells to drugs in vitro using
multivariate curve resolution-alternating least squares. Talanta 208:120386.
doi: 10.1016/j.talanta.2019.120386
Perna, G., Lastella, M., Lasalvia, M., Mezzenga, E., and Capozzi, V. (2007). Raman
spectroscopy and atomic force microscopy study of cellular damage in human
keratinocytes treated with HgCl2 . J. Mol. Struct. 27, 834–836.
Raman, C. V., and Krishnan, K. S. (1928). A new type of secondary radiation.
Nature 121, 501–502. doi: 10.1038/121501c0
Rasel, M. A. I., Singh, S., Nguyen, T. D., Afara, I. O., and Gu, Y. (2019). Impact
of nanoparticle uptake on the biophysical properties of cell for biomedical
engineering applications. Sci. Rep. 9, 1–13.
Ravanshad, R., Karimi Zadeh, A., Amani, A. M., Mousavi, S. M., Hashemi,
S. A., Savar Dashtaki, A., et al. (2018). Application of nanoparticles in cancer
detection by Raman scattering based techniques. Nano Rev. Exp. 9:1373551.
doi: 10.1080/20022727.2017.1373551
Roman, M., Wrobel, T. P., Panek, A., Efeoglu, E., Wiltowska-Zuber, J.,
Paluszkiewicz, C., et al. (2019). Exploring subcellular responses of prostate
cancer cells to X-ray exposure by Raman mapping. Sci. Rep. 9, 1–13.
Roy, I., Ohulchanskyy, T. Y., Bharali, D. J., Pudavar, H. E., Mistretta, R. A., Kaur,
N., et al. (2005). Optical tracking of organically modified silica nanoparticles as
DNA carriers: a nonviral, nanomedicine approach for gene delivery. Proc. Natl.
Acad. Sci. U.S.A. 102, 279–284. doi: 10.1073/pnas.0408039101
Saarinen, J., Gütter, F., Lindman, M., Agopov, M., Fraser-Miller, S. J.,
Scherließ, R., et al. (2019). Cell-nanoparticle interactions at (Sub)-nanometer
resolution analyzed by electron microscopy and correlative coherent antistokes raman scattering. Biotechnol. J. 14:e1800413. doi: 10.1002/biot.2018
00413
Sahoo, S. K., Umapathy, S., and Parker, A. W. (2011). Time-resolved resonance
Raman spectroscopy: exploring reactive intermediates. Appl. Spectrosc. 65,
1087–1115. doi: 10.1366/11-06406
Salvati, A., Åberg, C., dos Santos, T., Varela, J., Pinto, P., Lynch, I., et al.
(2011). Experimental and theoretical comparison of intracellular import of
polymeric nanoparticles and small molecules: toward models of uptake kinetics.
Nanomed. Nanotechnol. Biol. Med. 7, 818–826. doi: 10.1016/j.nano.2011.
03.005
Schwarze, B., Gozzi, M., Zilberfain, C., Rüdiger, J., Birkemeyer, C., Estrela-Lopis, I.,
et al. (2020). Nanoparticle-based formulation of metallacarboranes with bovine
serum albumin for application in cell cultures. J. Nanopart. Res. 22, 1–22.
doi: 10.19184/pk.v6i1.6609
Shalabaeva, V., Lovato, L., La Rocca, R., Messina, G. C., Dipalo, M., Miele, E., et al.
(2017). Time resolved and label free monitoring of extracellular metabolites by
surface enhanced Raman spectroscopy. PLoS One 12:e0175581. doi: 10.1371/
journal.pone.0175581
Shapero, K., Fenaroli, F., Lynch, I., Cottell, D. C., Salvati, A., and Dawson, K. A.
(2011). Time, and space resolved uptake study of silica nanoparticles by human
cells. Mol. Biosyst. 7, 371–378. doi: 10.1039/c0mb00109k
Short, K. W., Carpenter, S., Freyer, J. P., and Mourant, J. R. (2005). Raman
spectroscopy detects biochemical changes due to proliferation in mammalian
cell cultures. Biophy.s. J. 88, 4274–4288.
doi: 10.1529/biophysj.103.0
38604
Smith, R. J., King, P. J., Lotya, M., Wirtz, C., Khan, U., De, S., et al.
(2011). Large-scale exfoliation of inorganic layered compounds in aqueous
surfactant solutions. Adv. Mater. 23, 3944–3948. doi: 10.1002/adma.2011
02584

Misra, S. K., Mukherjee, P., Chang, H. H., Tiwari, S., Gryka, M., Bhargava,
R., et al. (2016). Multi-functionality redefined with colloidal carotene carbon
nanoparticles for synchronized chemical imaging, enriched cellular uptake and
therapy. Sci. Rep. 6:29299.
Moore, C., Harvey, A., Coleman, J. N., Byrne, H. J., and McIntyre, J. (2020a).
In vitro localisation and degradation of few-layer MoS 2 submicrometric plates
in human macrophage-like cells: a label free Raman micro-spectroscopic study.
2D Mater. 7:025003. doi: 10.1088/2053-1583/ab5d98
Moore, C., Harvey, A., Coleman, J. N., Byrne, H. J., and McIntyre, J.
(2020b). Label-free screening of biochemical changes in macrophage-like
cells following MoS2 exposure using Raman micro-spectroscopy. Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 246:118916. doi: 10.1016/j.saa.2020.1
18916
Moore, C., Movia, D., Smith, R. J., Hanlon, D., Lebre, F., Lavelle, E. C., et al. (2017).
Industrial grade 2D molybdenum disulphide (MoS2): an in vitro exploration
of the impact on cellular uptake, cytotoxicity, and inflammation. 2D Mater.
4:025065. doi: 10.1088/2053-1583/aa673f
Movasaghi, Z., Rehman, S., and Rehman, I. U. (2007). Raman spectroscopy
of biological tissues. Appl. Spectrosc. Rev. 42, 493–541. doi: 10.1080/
05704920701551530
Mukherjee, S. P., Davoren, M., and Byrne, H. J. (2010a). In vitro mammalian
cytotoxicological study of PAMAM dendrimers - Towards quantitative
structure activity relationships. Toxicol. Vitr. 24, 169–177. doi: 10.1016/j.tiv.
2009.09.014
Mukherjee, S. P., Lyng, F. M., Garcia, A., Davoren, M. B. H., Mukherjee, S. P.,
Lyng, F. M., et al. (2010b). Mechanistic studies of in vitro cytotoxicity of
poly(amidoamine) dendrimers in mammalian cells. Toxocol. Appl. Pharmacol.
248, 259–268. doi: 10.1016/j.taap.2010.08.016
Naha, P., Kanchan, V., Manna, P. K., and Panda, A. K. (2008).
Improved bioavailability of orally delivered insulin using EudragitL30D coated PLGA microparticles. J. Microencapsul. 25, 248–256.
doi: 10.1080/02652040801903843
Naha, P. C., Bhattacharya, K., Tenuta, T., Dawson, K. A., Lynch, I., Gracia, A.,
et al. (2010a). Intracellular localisation, geno- and cytotoxic response of polyNisopropylacrylamide (PNIPAM) nanoparticles to human keratinocyte (HaCaT)
and colon cells (SW 480). Toxicol. Lett. 198, 134–143. doi: 10.1016/j.toxlet.2010.
06.011
Naha, P. C., Davoren, M., Lyng, F. M., and Byrne, H. J. (2010b). Reactive oxygen
species (ROS) induced cytokine production and cytotoxicity of PAMAM
dendrimers in J774A.1 cells. Toxicol. Appl. Pharmacol. 246, 91–99. doi: 10.1016/
j.taap.2010.04.014
Naha, P. C., and Byrne, H. J. (2013). Generation of intracellular reactive oxygen
species and genotoxicity effect to exposure of nanosized polyamidoamine
(PAMAM) dendrimers in PLHC-1 cells in vitro. Aquat. Toxicol. 132–133,
61–72. doi: 10.1016/j.aquatox.2013.01.020
Naha, P. C., Kanchan, V., and Panda, A. K. (2009). Evaluation of parenteral depot
insulin formulation using PLGA and PLA microparticles. J. Biomater. Appl. 24,
309–325. doi: 10.1177/0885328208096238
Naha, P. C., Mukherjee, S. P., and Byrne, H. J. (2018). Toxicology of engineered
nanoparticles: focus on poly(amidoamine) dendrimers. Intern. J. Environ. Res.
Public Health 15:338. doi: 10.3390/ijerph15020338
Nano tech project (2020). CPI Home. Available online at: http://www.
nanotechproject.org/cpi/ (accessed March 8, 2020).
Notingher, I., Bisson, I., Bishop, A. E., Randle, W. L., Polak, J. M. P., and Hench,
L. L. (2004). In situ spectral monitoring of mRNA translation in embryonic
stem cells during differentiation in vitro. Anal. Chem. 76, 3185–3193. doi:
10.1021/ac0498720
Notingher, I., and Hench, L. L. (2006). Raman microspectroscopy: a noninvasive
tool for studies of individual living cells in vitro. Expert Rev. Med. Devices 3,
215–234. doi: 10.1586/17434440.3.2.215
Notingher, I., Verrier, S., Haque, S., Polak, J. M., and Hench, L. L. (2003).
Spectroscopic study of human lung epithelial cells (A549) in culture: living cells
versus dead cells. Biopolym. Biospectrosc. Sect. 72, 230–240. doi: 10.1002/bip.
10378
Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S.V.,
et al. (2004). Electric field effect in atomically thin carbon films. Science 306,
666–669. doi: 10.1126/science.1102896

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

15

October 2020 | Volume 8 | Article 544311

Byrne et al.

Raman Analysis of Nanoparticles in Cells

anticancer Prodrug, trans,trans,trans-[Pt(N3)2(OH)2(py)2]. Chem. A Eur. J. 24,
5790–5803. doi: 10.1002/chem.201705349
Wang, Z., Bonoiu, A., Samoc, M., Cui, Y., and Prasad, P. N. (2008). Biological
pH sensing based on surface enhanced Raman scattering through a 2aminothiophenol-silver probe. Biosens. Bioelectron. 23, 886–891. doi: 10.1016/
j.bios.2007.09.017
Watson, P., Jones, A. T., and Stephens, D. J. (2005). Intracellular trafficking
pathways and drug delivery: fluorescence imaging of living and fixed
cells. Adv. Drug Deliv. Rev. 57, 43–61.
doi: 10.1016/j.addr.2004.
05.003
Wittwehr, C., Aladjov, H., Ankley, G., Byrne, H. J. H. J., de
Knecht, J., Heinzle, E., et al. (2017). No Title. Toxicol. Sci. 155,
326–336.
Yin Win, K., and Feng, S. S. (2005). Effects of particle size, and surface coating on
cellular uptake of polymeric nanoparticles for oral delivery of anticancer drugs.
Biomaterials 26, 2713–2722. doi: 10.1016/j.biomaterials.2004.07.050
Zhang, W., Liang, J., Lu, X., Ren, W., and Liu, C. (2020). Nanoparticle tracking
analysis-based in vitro detection of critical biomarkers. ACS Appl. Nano Mater.
3, 2881–2888. doi: 10.1021/acsanm.0c00154

Soler, M. A. G., Báo, S. N., Alcântara, G. B., Tib, V. H. S., Paludo, G. R., Santana,
J. F. B., et al. (2007). Interaction of erythrocytes with magnetic nanoparticles.
J. Nanosci. Nanotechnol. 7, 1069–1071. doi: 10.1166/jnn.2007.423
Storrie, H., and Mooney, D. J. (2006). Sustained delivery of plasmid DNA from
polymeric scaffolds for tissue engineering. Adv. Drug Deliv. Rev. 58, 500–514.
doi: 10.1016/j.addr.2006.03.004
Suh, H., Jeong, B., Liu, F., and Kim, S. W. (1998). Cellular uptake study of
biodegradable nanoparticles in vascular smooth muscle cells. Pharm. Res. 15,
1495–1498.
Swain, R. J., Jell, G., and Stevens, M. M. (2008). Non-invasive analysis of cell cycle
dynamics in single living cells with Raman micro-spectroscopy. J. Cell Biochem.
104, 1427–1438. doi: 10.1002/jcb.21720
Szafraniec, E., Majzner, K., Farhane, Z., Byrne, H. J., Lukawska, M., Oszczapowicz,
I., et al. (2016). Spectroscopic studies of anthracyclines: structural
characterization and in vitro tracking. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 169, 152–160. doi: 10.1016/j.saa.2016.06.035
Talari, A. C. S., Movasaghi, Z., Rehman, S., and Rehman, I. U. (2015). Raman
spectroscopy of biological tissues. Appl. Spectrosc. Rev. 50, 46–111. doi: 10.1080/
05704928.2014.923902
Terasaki, M., and Jaffe, L. A. (1991). Organization of the sea urchin egg
endoplasmic reticulum and its reorganization at fertilization. J. Cell Biol. 114,
929–940. doi: 10.1083/jcb.114.5.929
Thaxton, C. S., Rink, J. S., Naha, P. C., and Cormode, D. P. (2016). Lipoproteins
and lipoprotein mimetics for imaging and drug delivery. Adv. Drug Deliv. Rev.
106, 116–131. doi: 10.1016/j.addr.2016.04.020
Uzunbajakava, N., Lenferink, A., Kraan, Y., Willekens, B., Vrensen, G., Greve,
J., et al. (2003). Nonresonant Raman imaging of protein distribution in
single human cells. Biopolym. Biospectrosc. Sect. 72, 1–9. doi: 10.1002/bip.
10246
Vankeirsbilck, T., Vercauteren, A., Baeyens, W., Van der Weken, G., Verpoort,
F., Vergote, G., et al. (2002). Applications of Raman spectroscopy in
pharmaceutical analysis. TrAC Trends Anal. Chem. 21, 869–877.
Vernooij, R. R., Joshi, T., Horbury, M. D., Graham, B., Izgorodina, E. I., Stavros,
V. G., et al. (2018). Spectroscopic studies on photoinduced reactions of the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
The handling editor declared a past co-authorship with several of the
authors, HB, EE, and JM.
Copyright © 2020 Byrne, Bonnier, Efeoglu, Moore and McIntyre. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

16

October 2020 | Volume 8 | Article 544311

